As the Earth's inhomogeneous and viscoelastic properties, seismic signal attenuation we are trying to mitigate is a long-standing problem facing with high-resolution techniques. For addressing such a problem in the fields of time-frequency transform, Gabor transform methods such as atom-window method (AWM) and molecular window method (MWM) have been reported recently. However, we observed that these methods might be much better if we partition the non-stationary seismic data into adaptive stationary segments based on the amplitude and frequency information of the seismic signal. In this study, we present a new method called amplitude-frequency partition (AFP) to implement this process in the time-frequency domain. Cases of a synthetic and field seismic data indicated that the AFP method could partition the non-stationary seismic data into stationary segments approximately, and significantly, a high-resolution result would be achieved by combining the AFP method with conventional spectral-whitening method, which could be considered superior to previous resolution-enhancement methods like time-variant spectral whitening method, the AWM and the MWM as well. This AFP method presented in this study would be an effective resolutionenhancement tool for the non-stationary seismic data in the fields of an adaptive time-frequency transform.
I N T RO D U C T I O N
Resolution means the ability to identify unique features and details in a given image (Smith et al. 2008) . Seismic resolution comprises two aspects including vertical resolution and horizontal resolution (Satinder et al. 2006) . Here, we focus on the vertical resolution that has been studied in terms of wavelets' propagation (Gao et al. 2009; Wang et al. 2013; Xie & Liu 2014) . Considering wavelet propagating in the Earth, Ricker (1940) thought that the wavelet was changed by its Earth's journey. Same phenomenon was also noted by Ziolkowski (1991) . In their wavelet models, the seismogram is a sum of time-varying wavelet, that is, the seismogram is non-stationary. During wavelet changing with traveltime in the subsurface, wavefront divergence and attenuation changing with different frequencies are two main factors to be considered in resolution enhancement of the seismograms (Gao et al. 2009; Wang et al. 2013) . Many compensative methods have been presented to deal with wavefront divergence (e.g. Hron & Covey 1983; Yilmaz 1987) , whereas attenuation changing with different frequencies was also compensated by inverse Q-filter (Hale 1981) and time-variant spectral whitening (Yilmaz 2001 ). However, two parameters concerned in frequency attenuation are still needed to be studied. One is the suitable relative amplitude of the seismogram and another is the accurate Q-model varying with traveltime (Wang et al. 2010) . Both parameters have been studied by Margrave & Lamoureux (2001) by using Gabor deconvolution. In their study, the Gabor windows are designed simultaneously with different times. For a long time, this two-parameter problem being resolved first are to decompose the seismic trace into adaptive segments using multiple overlapped windows, and then each segment is combined to reconstruct the trace (Foster et al. 1968; Baan 2008; Wang et al. 2010 Wang et al. , 2013 , like the atom-window method (AWM) that divides the non-stationary seismic data into n segments with constant width, and the molecular window method (MWM) that splits the non-stationary seismic data into L segments with different width-depended on the relative amplitude of the wavelets' seismograms. However, these two methods mentioned are not the most optimal way of implementation to improve the resolution of the seismic data in our work areas, as discussed in the Results part of this paper.
We propose amplitude-frequency partition (AFP) to achieve a better result based on the amplitude and frequency information of the seismic data. The case of a synthetic seismic signal shows the designing ideas of the AFP, and field seismic data demonstrate the best result achieved by using AFP. Promisingly, a potential application of the AFP shows its good implementation on model-based inversion to acoustic impedance (MBI-AI).
M E T H O D S
In the de-noising processing, usually, seismic data are described by means of conventional convolution model as follows:
where synthetic seismic trace, s(t) is thought of as the result of convolution of a wavelet, w(t), with the reflectivity series, r(t). In the model, the wavelet is defined as invariant with traveltime, or it is regarded as stationary. In fact, the wavelet's energy is diminished and attenuated with traveltime travelling through the Earth. Obviously, eq.
(1) cannot accurately represent the seismic trace. To address the problem, Clarke (1968) and Margrave et al. (2005) gave a model for the non-stationary seismic trace. In their model, the trace, s(t), and the time-varying wavelet, w(τ , t), can be represented as eq. (2), where τ represents the local time around time t:
However, in practice, it is hard to improve the resolution of the non-stationary seismic data using eq. (2). Gao et al. (2009) presented a description for the non-stationary seismic trace, supposed that the seismic signal is divided into L segments ( Fig. 1 ) and each segment meets eq. (1), which can be formulated as
where ω represents the angular frequency;ŵ j (ω) denotes Fourier transforms of w(ω); C k is the reflectivity coefficient at k-th sampling point; t k represents the time of k-th sampling point, t k = k t, and k = (M j−1 , M j−1 + 1, . . . , M j ); t represents time sampling interval. In eq. (3), s(t) is a function of traveltime only as frequency is an integral, and it can be changed as a function of frequency by performing Fourier transform discussed by Gao et al. (2009) . However, in practice, it is also difficult to get a high-resolution result using eq. (3) as the reflectivity sequences cannot be perfectly recovered from the seismogram under an idealized situation. So another form of eq. (3) presented by Gao et al. (2009) was given as eq. (4), corresponding to the reflectivity sequences r(t) in eq. (5):
where g j (t k ) is a function of the molecule window of the j-th segment and δ(t − t k ) represents the Dirac function. Eqs (4) and (5) demonstrates that the reflectivity sequences can be perfectly recovered by utilizing a function of molecule window. In this study, for designing a similar function of molecule window called 'analysis window' to divide/partition the non-stationary seismic data into proper segments, we rely on one theory known as a partition of unity (POU) discussed by Grossman et al. (2002) . A POU is a collection of functions, which sums to one:
For those collections that summations do not equal to one, a normalization is implemented so that the collection of the sums can be set to one (Grossman et al. 2002) . If let (x) > 0 be a non-negative window function, then it forms a POU if
where k represents the window function, , shifted to time t = k t. The POU defined by eq. (7) allows a function of single window translated/shifted at regular intervals along the real line (Grossman et al. 2002) . If we define the 'analysis window', τ k (t), and a 'synthesis window', γ k (t), by the following equations:
and define a Gabor slice (Margrave et al. 2005 ), we have
More details about τ k (t) and γ k (t) can be found in Grossman et al. (2002) . The Fourier transform over the set of Gabor slices gives the Gabor transform,
Hence, the inverse Gabor transform, denoted as G −1 , can be accomplished by eq. (12), where F −1 be the inverse Fourier transform.
The above descriptions indicate a discrete Gabor transform via a POU, which also means that a non-stationary seismic trace can be divided/partitioned into several segments by the 'analysis window' and also can be reconstructed by the 'synthesis window'.
Using a synthetic non-stationary signal/trace as an example, the AFP method can be discussed as the following steps.
(i) Calculation of damped instantaneous frequency (DIF) As can be seen in Fig. 2(b) , we first fit the envelope line of the signal using methods discussed by Barnes (1993) , and then calculating DIF in all local peaks by a design formula (Matheney & Nowack 1995) . In real field data, the weighted DIF or edge-preserving smoothing may be used to reduce wavelets' interference. Here, a function of the DIF, called f(t), is needed, for the sake of preliminary partition, which will be used in the next step.
(ii) Partition of non-stationary seismic data. Fig. 1 assumes that the non-stationary seismic signal is partitioned into L segments, and each segment is stationary. In Fig. 1 , M j represents the index of endpoint in the defined j-th segment, and M j−1 means the start point corresponding to j-th segment. With initial value M 0 = 0, in order to partition the signal into adaptive stationary segments, the last point of each segment needs to be determined, that is, determining M j when M j−1 is known. Similarly, based on the study of Wang et al. (2013) and Grossman et al. (2002) , we can obtain j-th segment of such 'analysis windows', as well as the 'synthesis window' used in the AFP method. As the 'analysis window' times the 'synthesis window' equal to one, simply, here we only show the 'analysis window' of the AFP method,
where
Define an objective function, O(M j ), the M j , a key parameter determines the L value aforementioned, can be determined. Considered the function of f(t) is discrete, the objective function{O(M j ): 1 ≤ j ≤ L} can be given as
where Min represents a desired minimum value; n is the number of frequencies in every testing segment; andf (t) is the mean value of the f(t) in the segment. After M j is determined using eq. (14), the g j (t) in eq. (13) can be worked, that is, the AFP can be implemented using the following equation:
where G[s j (f)] is the function of signal partition, and g j (t) is the L2-norm of g j (t). Fig. 2(c) shows the result of using the AFP method on the signal that is partitioned into seven segments in this case. The above discussions elucidate that a non-stationary trace can be partitioned into L segments of which each segment can be regarded as stationary approximately, which means that conventional resolution-enhancement methods can work well on each segment. In the AFP method, the time-variant spectral whitening method is applied. Consequently, a high-resolution result is achieved by using an inverse Gabor transform (Wang et al. 2013) to put all segments together. The inverse Gabor transform can be seen here,
As a result, Fig. 2(d) shows the recovered signal by combining the AFP method with the time-variant spectral whitening method, and indicated that the signal is recovered well. Theoretically, the above derivations demonstrate the processing of a signal partition, enhancement and reconstruction. It should be noted that, in the method, there is a tiny difference between the original signal and reconstructed signal, but the loss can be made as small as desired.
R E S U LT S
The objective strata in our work area are thin layers with low permeability and high heterogeneity, deposited during the Permian period, and formed by six stratigraphic units including A1-A6. All layers are of quartz sandstone with quartzite content greater than 80 per cent, controlled by coarse-grained sandstones and belonged to river-floodplain facies. Fig. 3(a) shows the thin-layer seismic events, of which two arrivals from neighbouring reflectors are overlapped in time, and particularly, the thin-layer responses are contained in thick layers. In this case, correlation coefficient between synthetic records and well-side seismic traces is only 0.6512, which, obviously, does not agree well with the log data that reflected that it should be more seismic events between 2100 and 2200 millisecond (ms) on the raw seismic section, but actually none of any responses on it. This might be attributed to the high-frequency components of the seismic data are absorbed, thereby the thin-layer events are imbedded within the thick layers. Besides, there are only a few slight reflections near 2200 ms, and without any reflection events below 2200 ms.
Commonly, in the fields of time-frequency transform, the problems in Fig. 3(a) can be addressed, that is, enhancing its vertical resolution, by using the AWM or the MWM. Figs 3(c) and (d) show the improved results using the data of Fig. 3(a) , respectively, by using the AWM and the MWM, both of which demonstrated that the seismic responses are enhanced largely and some unclear reflective details appear. Meanwhile, the correlation coefficients are increased to 0.7213 and 0.7719. Both methods show a better result than the general time-variant spectral whitening method whose correlation coefficient is of 0.6912 (Fig. 3b) . However, these two methods we applied are not the most ideal case compared with the result in Fig. 3(e) that is processed by the AFP method by which more detailed and clear events are enhanced even appeared, and significantly, the correlation coefficient is increased to 0.7967, little higher than previous methods.
As an application of this AFP method, Fig. 4(b) shows a result of MBI-AI using the resolution-improved seismic data (see Fig. 4a ). Using the data of Fig. 4(b) , we can calculate values of acoustic impedance (AI) of all layers (A1-A6) as their reflections are improved. Particularly, Fig. 5 shows the MBI-AI on all wells in our work area, which obviously demonstrates a high vertical resolution and natural lateral variations on this section, such as clear contacted relationship between strata, natural transition-impedance characteristics between wells, as well as true lateral variations of lithology and lithofacies. 
D I S C U S S I O N S
Generally, the AWM or the MWM can work well to enhance the resolution of the non-stationary seismic data in the fields of timefrequency transform (Margrave et al. 2005; Wang et al. 2010 Wang et al. , 2013 . However, the realistic situation might not be the case when seismic data are erratic and irregular in some areas. Using the AWM, unsatisfactory results like truncation, overlap and interference within wavelets will arise as its analysis windows are uniform. A method superior to the AWM as well as the time-variant spectral whitening method has been reported, which is called the MWM that splits the trace into L segments with different widths based on the relative amplitude of the wavelets' seismograms, seeing its processed result in Fig. 3(d) . However, our field data used, indicated that the MWM is not the best one compared with the AFP method in Fig. 3(e) , especially in the deep parts that might be of great application in oil-gas exploration. This may because, in the AFP method, the amplitude and frequency information of the seismic data are applied and the way of process agree with our field data. Compared with conventional resolution methods like the time-variant spectral whitening method and/or the AWM, the AFP method has its advantages such as performing well in the deep parts of the seismic section.
Two steps are used to determinate the L value in the AFP method. In step (i), in practice, the DIF is hard to extract directly from original seismic signal as the wavelets would affect and interfere with one another, thereby the envelope line of the wavelets is used, considering it includes reflection information of the seismic data and also associates with dominant frequency of the wavelets (Barnes 1993; Wang et al. 2010 ). In step (ii), the segmented points (M j ) can be determined and a designed objective function which derives from variance theory that measures how far a set of data is spread out is applied. Using the data of DIF in the objective function, a small variance indicates that we might partition the data into one segment, while a high variance means that the data might be partitioned into several segments and each segment is of small variance. The small variance can be made as desired. In this way, our case only performs on an ordinary synthetic non-stationary seismic signal. In the objective function, we might think that a better result would be achieved if we applied differences of the DIF in this objective function, instead of the mean DIF itself, particularly used in those areas on which the frequency changes are relatively large.
The AFP method, not only can reduce impacts on truncation and interference within wavelets that conventional AWM faced, but also can automatically test amplitude/frequency data of all seismic traces. Importantly, it shows a good application on MBI-AI. However, admittedly, it should be noted that our research is based on several assumptions that the plane wave of vertical incidence is propagated in horizontal layers with inhomogeneous and viscoelastic properties, and additionally, the non-stationary seismic data we used requires a higher signal-to-noise (S/N) ratio.
C O N C L U S I O N S
As a new method extended the AWM and/or the MWM to AFP method in time-frequency domain to improve the resolution of the seismic data, the AFP method showed in this case is to be quite effective for partitioning the non-stationary seismic data into adaptive stationary segments. By using the AFP method combined with conventional spectral-whitening method, a better high-resolution result can be achieved, which was superior to several general methods mentioned in this paper. Significantly, the AFP method showed a good application on MBI-AI, and also might be of great potential use in oil and gas fields as well as other fields relevant to highresolution processing.
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